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Abstract 
Systematic experimental investigation was carried out to examine the phenomena of crack initiation under pure compression 
fatigue condition with samples having different pre-prepared notches. Finite element analysis (FEA) simulation was also 
conducted to determine the stress concentration and stress distribution for the tested samples. Although a smooth bar tested under 
the pure compression fatigue condition with a peak compressive load equal to the yield strength did not show any crack 
formation, crack was indeed detected under compressive fatigue load in those samples whereby a critical stress concentration was 
reached. Such critical condition may be expressed through a critical von Mises stress level. In addition, experimental observation 
indicates that such crack initiation process was indeed always associated with localized plastic deformation 
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1. Introduction 
Metal fatigue has always been a serious issue in aerospace applications. As 90% of fatigue life is spent in fatigue 
crack development, fatigue crack initiation is therefore deemed as the most important preventing measure of fatigue. 
For the most part, fatigue crack initiation has always been studied under fatigue loading conditions of tension-
tension or tension-compression. The contribution of compression loading zone in the crack development has always 
been assumed as completely none. In other words, cracks either do not form or they remain closed. [2]. Even 
according to ASTM E647, the compression part of loading is disregarded in calculating the stress intensity factor 
range, ᇞK [3]. Practical examples, however, has suggested otherwise. Landing gear shock struct, for instance, 
absorbs the ground-exerted loads during taxi, take-off and landing, and is otherwise not needed during the flight. 
These service modes introduce loading spectrums that are in pure compressive fatigue only and it is often observed 
that from time to time landing gear frame fails under such loading conditions. Consequently, whether or not cracks 
form and how they initiate under compression fatigue has become the question.  
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 To date, the consideration of fatigue crack initiation mechanism under pure compressive cyclic stress is made 
with the association of stress concentration [4] such as dents that are inflicted in assembly period. These types of 
discontinuities are always present on the surface and they introduce a non-uniform and complex stress field in the 
adjacent regions. Furthermore, most of these previous investigations on compression fatigue argued that because of 
the localized stress zone at the stress concentration sites, a residual tensile effect would be introduced upon the 
unloading stage of cyclic deformation, thus causing the crack to nucleate [5-11]. In other words, a sample is said to 
be torn apart by a zone of residual tensile stress at the notch root.  Hence, most of the analyses on pure negative 
cyclic stress were focused on determining the residual tensile zone size using fracture mechanics in order to 
establish a threshold stress range responsible for crack initiation at the crack tip [5, 10, 12].   
 
The focus of the present work is therefore to verify and observe the phenomenon of crack initiation mechanism 
under compression fatigue from the material behaviour’s point of view. In addition, an attempt was made to 
determine the critical condition for fatigue crack initiation with the help of finite element simulation. Moreover, 
based upon the findings from this experimental work, preliminary conclusion of the effect of material property on 
crack initiation under compressive cyclic loads was also attempted.  
2. Experimental  
Carbon steel SAE 1045 with two heat treatment conditions, quench tempered and annealed, were used in this 
study. The treated steel bars were then machined to tensile specimens according to ASTM E8M [13, 14] with 
circumferential notches of different configurations, namely U and V shaped notches, and of different notch depths.  
The geometry and size of these circumferential notches were carefully designed and considered in order to introduce 
different stress concentration effects. The finalized designs are illustrated by Figs. 1 (a) and (b), and the detailed 
configurations are indicated in Tables 1 and 2 for U shaped and V shaped notches, respectively.  
  
Figure 1: Specimen design (a) U-shaped (Semi-Circular) notch; (b) V-shaped notch 
Table 1: U-shaped (semi-circular) circumferential notch dimensions 
  Type 1 Type 2 Type 3 Type 4 
 Kt 4.47 3.66 3.33 3.27 
 Tip Radius (ȡ) = Depth (t) 1.5mm 1mm 0.64mm 0.53mm 
 Circumferential Notch Location At the Centre of the Reduced Section 
Table 2: V-shaped circumferential notch dimensions 
  Type 1 Type 2 Type 3 Type 4 
 Kt 6.72 4.75 3.49 3.28 
 Tip Radius (ȡ) 0.5mm 
 Depth (t) 1.5mm 1mm 0.59mm 0.52mm 
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 Circumferential Notch Location At the Centre of the Reduced Section 
Metallography was first performed to observe material microstructures and to confirm its heat treatment as shown 
in Fig. 2. Tensile testing was also carried out to characterize the material’s general mechanical properties. Tensile 
test was conducted at the strain rate of 0.001mm/sec at room temperature using an MTS 810 frame with 100 kN load 
cell and a 12.7mm gage length extensometer.  The mechanical properties determined for these materials are 
summarized in Table 3. 
  
Figure 2: Microstructural comparison of carbon steel 1045 in two different heat treatment conditions: (a) Quench Tempered, 
(b) Annealed 
0.05mm 
Ferrite 
0.02mm 
Pearlite 
Tempered Martensite 
Before commencing fatigue test, samples were polished extensively to smoothen the machine marks in order to 
minimizing the risk of crack initiation from these sites. Then the tests were carried out on the same MTS frame 
under load control. Each notched sample was tested under different weighted stresses based on the yield strengths 
determined from the tensile tests. The actual experiment conditions are specified in Tables A1 and A2 in Appendix 
A. For the purpose of comparison, a quench-tempered smooth bar was also compressively fatigued with a peak 
compressive load equal to the yield strength. An optical technique was utilized throughout the test for crack 
detection. By stopping the test periodically, the testing sample was removed and examined with canning electron 
microscope (SEM), carefully through the whole surface to detect embryo-cracks. For high stress testing, the 
stopping interval was 500 cycles and for low stresses cycling it was 5000 cycles until the crack is observed. All the 
surface morphology developments throughout the crack initiation process were fully documented and recorded by 
SEM. Observation was also made on the fatigue cracked surface. 
Table 3: Tensile properties 
 Samples Quench-Tempered Annealed 
 Y. S [MPa] 868 406 
 E [GPa] 217 212 
 UTS [MPa] 995 699 
 Max. Uniform Deformation 6.3 % 14.8 % 
 
Finite element analysis was conducted employing COMSOL Multiphysics 3.3 to analyze the stress concentration 
and stress gradient introduced by the notch [15]. The plots for three principle stresses and von Mises Stress 
distributions for each condition were obtained within the sample.  
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3. Results and Discussion 
3.1. Results From Smooth Bar Testing 
In order to better understand the notch effect and for a good comparison, a smooth bar of the material under the 
quench-tempered condition was compressively fatigued under a peak stress magnitude equal to the yield strength of 
the material. After 107 cycles, no crack nucleation was observed, and no apparent signs of plastic deformation were 
detected on the surface. However, if the loading condition changes to R = -1,  i. e. under a fully symmetrical 
loading, steel samples of the same chemistry and similar strength, the fatigue life was only less than 104 cycles when 
the magnitude of the peak cyclic stress was at the same level as what used in the present case [16]. The above 
comparison indicates evidently, for the same material, fatigue life under pure compressive condition is longer than 
that fatigued with symmetrical loading condition but with the same peak stress magnitude.  
3.2. Stress Analysis vs. Number of Cycles to Crack Initiation 
Clearly, crack nucleates under the influence of stress concentration. Fig. 3 shows a relationship between the crack 
initiation cycle and the maximum von Mises stress at the notch root for each testing condition. As the profile takes 
the relative stress level of the calculated von Mises stress, which is always a positive value, to the material’s strength 
in compression, the resultant ratio is negative on the ordinate. An overall trend is observed from this plot, with an 
increase of von Mises stress that arises with the applied load, the number of cycles needed for fatigue crack 
initiation decreases. The same inclination was also found with the annealed samples, i.e., the higher the von Mises 
stress, the smaller the number of cycles for crack initiation. Furthermore, a critical von Mises stress level is observed 
to be needed to initiate the crack under compression fatigue. For the quench-material, this trend is level is between  
yc
Misesvon 
V
V = -2.16 and 
yc
Misesvon 
V
V
= -1.57.  Below this range formation of crack could not be detected in the 
quench tempered material.  
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Figure 3: von Mises stress at notch root vs. crack initiation cycles [Complete profile of QT samples tested (Both U and V-shaped notch)] 
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b) 
a) 
Figure 4: Illustration of cracking along grain rotation and PSBs 
a) [A; (U-Notch); 100%ıy ;Kt=4.47; Cycles: 20000] 
b) [QT; (U-Notch); 100%ıy ;Kt=4.47; Cycles: 1000] 
Applied  
Load 
Direction 
3.3. The Cause of Crack Initiation in Compression Fatigue 
In order to determine the cause of crack nucleation, surface morphology of each tested samples was constantly 
observed and SEM-recorded at a constant interval of cycles. Fig. 4 and 5 revealed surface morphology at the notch 
root for the annealed and quench-tempered samples after which cracks were observed. Among all the cracked 
samples, localized region at notch roots have been shown to have sustained heavy plastic deformation before 
cracking. The plastic deformation was manifested through distorted surface morphology, which was caused by 
either grain rotation or PSBs or both. At higher magnifications, cracks were seen to develop along at the grain 
rotation ledge and/or along persistent slip bands. As grains in a polycrystalline material are individual crystals with 
different orientations, each grain would experience different resolved shear stresses and thus experience slipping 
activities in different directions and different amount of plastic deformation. However, as the material continuity 
must be maintained in the poly-crystal, each one of the constituent grains would try to rotate in order to 
accommodating the non-uniformed strains between the grains [1].  The repeated movement of grain rotations in 
different directions, for example outward and inward, would then lead to crack forming at the grain boundaries and 
hence the observation of the crack along the ledge of grain rotations is seen often. On the other hand, cracks formed 
in PSBs was invariably due to the alternative slipping that lead to the formation of micro-stress-raisers i.e., 
intrusions and extrusions followed by final cracking.  
 
Furthermore, as von Mises stress evaluates the distortion energy absorbed by the material upon yielding, i.e., the 
amount of energy to plastically deformed the material, it has further substantiated the use of von Mises stress as the 
threshold criterion for crack nucleation under compression fatigue. Because of the stress concentration effect 
introduced by the presence of a notch, a 3-dimensional stress state is developed at the notch root region. Despite 
these 3 principle stresses are compressive, they would lead to the localized von Mises Stress that may be high 
enough to cause a severe localized cyclic plastic deformation at the notch front and finally lead to crack initiation. 
Fig. 6 further reveals the magnitude of maximum von Mises stress at the notch root. Despite the models are set in 
elastic condition, they have demonstrated that there is indeed a localized von Mises stress as well as the volume 
encompassed by this concentrated stress at the notch front.  As seen in all the cracked samples, all the cracks were  
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( a) 
 Quench Tempered Condition: QT: (V-Notch) Kt =6.72 Cycles: 17000; 90%ıy
 
( b) 
Annealed Condition: A: (V-Notch) Kt =6.72 Cycles: 17000; 100%ıy 
 
Figure 5: SEM micrograph of longitudinal cross section of the cracked samples 
indeed observed along the notch roots as represented in Fig. 5. Concurrently, based on the experimental results, the 
higher the von Mises stress at the notch root the sooner the crack formation; the smaller von Mises stress, the more 
difficult for crack to nucleate. From these results, it is concluded that a critical von Mises stress state must be 
presented for crack to initiate and, for the present quench tempered material, this critical value is found to lie 
between 1.57 ıy and 2.16 ıy peak von Mises stress at the notch 
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Figure 6: Effect of notch geometry on von Mises stress distribution (a) Qualitative illustration of von Mises stress distribution of a V-
shaped notch (b) Quantitative illustration of von Mises stress distribution of a V-shaped Notch (Corresponding to (a)) (c) Qualitative 
illustration of von Mises stress distribution of a U-shaped notch (d) Quantitative illustration of von Mises stress distribution of a U-
shaped notch (Corresponding to (c)) 
3.3.1.  Influence of Material Property on Compression Fatigue  
 
Materials selected to manufacture landing gear frames are usually those that have high strength but relatively low 
ductility, such as 300M steels or certain titanium alloys. These materials often show high sensitivity to stress 
concentration both in static and in cyclic or fatigue deformation [17]. Thus through studying of the two materials 
with different properties of strength and ductility, it could demonstrate the role of material properties in compression 
fatigue. Table 4 compares the two materials utilized in this investigation under the same testing conditions and with 
the sample design. Although it may be brief, it is seen clearly that annealed samples that have higher ductility 
exhibits greater resistance to the formation of fatigue crack under identical weighted applied compression stress. It is 
further noted that the annealed sample was only 35% higher in ductility than the quench-tempered sample and yet 
the number of cycles to crack initiation was 15 times higher on average than the quench-tempered. This implies that, 
even for high strength materials, having a better ductility would make significant improvement in compression 
fatigue strength.  
 
Furthermore, because of their microstructural difference, the contrast of their plastic deformation in grain rotation 
was also evident. As demonstrated by the annealed samples in Fig. 5 b), grain rotation was more apparent because 
the grains are more ductile and larger in size in comparison with the finer grains in the quench-tempered (Fig. 5 a)). 
If micrographs of the same area were to be superimposed on the SEM image of the annealed sample after grain 
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rotation, it would be seen that the protruded part is the ferrite phases. As ferrite phase is more ductile and weaker 
than pearlite, it would experience more strain during cyclic deformation and thus facilitate the formation of PSBs 
leading also to the formation of protrusions and intrusions. In contrast, the pearlite structure is higher in strength and 
lower in ductility compared to ferrite, so it would remain relative “stationary” when it comes to grain rotation. 
Similarly the obscured surface morphology on quench-tempered samples can be explained by the microstructure as 
well. As the microstructures in quench-tempered samples were much harder and finer, the protrusions and PSB 
formations would be less obvious and much subtle than in the annealed unless viewed under higher magnification.   
 
A very important subject that could be further clarified is the effect of material property on the directionality of 
the initiation fatigue crack.  Fig. 5 showed that when materials have a better ductility, crack is initiated at an 
approximate 45 degree angle against the loading axis where maximum shear stress is found. Such behaviour 
indicates again that plastic deformation was involved in the fatigue crack formation process in this ductile material. 
Conversely, for materials that are less ductile, crack behaviour would simulate that of a brittle material under tensile 
testing, such that crack nucleation occurs at a plane that is perpendicular to the loading axis. 
Table 4: Comparison of quench-tempered and annealed samples 
 Heat Treatments Quench-Tempered Annealed 
 Loading Conditions ıpeak =100% ıy
 U-Shaped Notch Type 1 2 1 2 
 Kt 4.47 3.66 4.47 3.66 
 
ys
stress  real
V
V
 = Kt u  wt% 4.47 3.66 4.47 3.66 
 Max ıvon Mises /ıy -4.11 -3.31 -4.11 -3.31 
 Number of Cycles to Crack Nucleation 1000 2000 20000 25000 
 
4. Conclusion 
In this project, crack initiation phenomena and mechanisms under compression fatigue have been investigated. 
The study includes the verification of the possibility of crack initiation under pure compressive fatigue condition as 
well as the effects of notch shape and depth on the compressive fatigue crack nucleation in carbon steel 1045 with 
two different heat treatment conditions. The influence of material properties was also examined. The major 
conclusions from this investigation are given below. 
 
1. Fatigue crack does initiate under compression fatigue provided that a certain stress concentration condition is 
present. Such condition can be expressed through a critical von Mises stress. In the present quench-tempered 
SAE1045 steel, specifically, this threshold von Mises stress is found to be between -1.57 ıy and -2.16 ıy. 
2. It is observed that, in the two materials tested, such crack initiation process is always associated with apparent 
plastic deformation such as grain rotation and formation of PSBs.  
3. The current observed plastic deformation at cracks initiated as well as the crack directionality have further 
proved that crack path under cyclic compression is indeed material dependent and specifically it depends on 
the material’s capability to plastically deform, i.e. for a typical ductile material, the crack develops in the 
direction 45o against the axial direction, whereas a more brittle material shows a crack initiation in the 
direction perpendicular to the applied stress. 
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4.  Since plastic deformation was the precursor for crack nucleation, annealed samples that exhibit higher 
ductility have better withstanding to the formation of crack under compression fatigue than quench-tempered 
if weighted stress is employed. 
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Appendix A.  
Table A1: Fatigue Parameters for Quench-Tempered Samples 
Fatigue Parameters: 
ı peak
100% ıy
ı peak
90% ıy
ı peak
80% ıy
ı peak
50% ıy
Cyclic Stress Range (MPa): ǻı=ımax-
ımin
824 742 659 412 
Cyclic Stress Amplitude (MPa):  ıamp 
=
2
- minmax VV  
412 371 330 206 
Mean Stress (MPa): 
ım=
2
minmax VV   
-455 -410 -364 -228 
Stress Ratio: R =
max
min
V
V
 20 
 
Table A2: Fatigue Parameters for Annealed Samples 
Fatigue Parameters: ı peak100% ıy
Cyclic Stress Range (MPa): ǻı=ımiax-
ımin
385 
Cyclic Stress Amplitude (MPa):  ıamp 
=
2
- minmax VV  192 
Mean Stress (MPa): 
ım=
2
minmax VV   -213 
Stress Ratio: R =
max
min
V
V
 20 
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